Signal-intensity abnormalities in the PLIC and thinning of the CC are often seen in preterm infants and associated with poor outcome. DTI is able to detect subtle abnormalities. We used FT to select bundles of interest (CC and PLIC) to acquire additional information on the WMI.
P
remature birth of Ͻ30 weeks' gestation is associated with a high risk of neurodevelopmental impairments, including cognitive and motor disabilities. [1] [2] [3] The underlying neuropathology for cognitive disabilities is largely unknown, though it has been suggested that disturbances in the WM maturation play a role. 4, 5 In teenagers, the effects of preterm birth are associated with thinning of the CC, widening of the ventricles, reduced volumes of the WM, and microstructural changes in the PLIC and the CC. [6] [7] [8] [9] MR imaging is commonly performed in preterm infants around TEA to detect brain injury. Different scoring systems have been developed to quantify MR imaging findings. 2, 10 Although these scoring systems were related to outcome, they did not provide information about the pathology on a microstructural level. WM maturation may best be followed with DTI because this technique uses both information on the diffusion properties of water molecules that are restricted in tissue and information on the direction of diffusion (anisotropy). DTI has been shown to be sensitive to microstructural WM changes, like myelination. 11, 12 Most information concerning DTI changes in relation to brain maturation is available from studies assessing selected ROIs in the WM. 11 It has been shown that the anisotropy in preterm infants is decreased at TEA in certain brain regions (among these, the CC and the frontal WM) compared with term-born controls. 13 Instead of measuring local effects in selected ROIs, FT can be applied to measure changes in bundles of WM. FT is a 3D visualization technique that reconstructs the underlying linear structure defined by the diffusion tensor.
14 Quantification of WM tracts in infants has been performed previously [15] [16] [17] [18] [19] [20] [21] [22] [23] and is based on calculating an average of a certain DTI parameter over the complete bundle. Axial and radial diffusivity over specific tracts have been shown to be differentially affected by bundle maturation with age, 20, 21 and DTI parameters quantifying the corticospinal tract are affected in preterm infants with WMI. 22 Only 1 study recently investigated the genu and splenium of the CC in premature infants at TEA by using FT. 23 The CC is of interest because reduced callosal volumes have been shown to correlate with motor function and cognitive impairment. 24, 25 The aim of our study was to investigate whether diffusion tensor parameters, abstracted by using FT to select complete CC and PLIC bundles, display WM abnormalities in the premature infant at TEA. The WMI score 2 (as measured with conventional MR imaging) was used as a reference index.
We hypothesized that WMI would be better detected with DTI and that it would give more information on the microstructure. We investigated, furthermore, how the DTI parameters were affected by GA at birth, BW, HC, sex, and the PMA, defined here as the age at the time of scanning.
Materials and Methods

Study Group
Preterm infants with GA below 31 weeks and who reached TEA between January 2007 and July 2008 were part of a prospective cohort study. This study was approved by the medical ethics committee of our institution. Informed parental consent was obtained for all neonates. Infants were included if a 3T MR imaging scan was obtained at TEA with high-resolution DTI. Neonates were excluded if they showed signs of chromosomal or syndromal abnormalities with known effects on brain development or neuromotor development or when they had an infection of the central nervous system. The infants were sedated with 50 -60 mg/kg of chloral hydrate orally 15 minutes before the MR imaging, and hearing protection was used. Heart rate, transcutaneous oxygen saturation, and respiratory rate were monitored during scanning. A neonatologist was present throughout the MR imaging examination.
MR Imaging Protocol
MR imaging was performed on a 3T scanner (Achieva; Philips Healthcare, Best, the Netherlands) by using an 8-channel sensitivity encoding head coil with a sagittal T1-weighted scan with TE/TR ϭ 15/886 ms and scan voxel size ϭ 0.78 ϫ 0.98 ϫ 3.0 mm (reconstruction voxel size ϭ 0.39 ϫ 0.39 ϫ 3.0 mm), an axial 3D T1-weighted series with TE/TR ϭ 4.6/9.4 ms and scan voxel size ϭ 0.94 ϫ 0.94 ϫ 2.0 mm (reconstruction ϭ 0.35 ϫ 0.35 ϫ 2.0 mm), and an axial T2-weighted series with TE/TR ϭ 120/6293 ms and scan voxel size ϭ 0.54 ϫ 0.61 ϫ 2.0 mm (reconstruction ϭ 0.35 ϫ 0.35 ϫ 2.0 mm).
DTI was based on an axial single-shot EPI sequence with a sense factor of 3 (TE/TR ϭ 48/7745 ms; duration ϭ 4:32 minutes), 2 b-values (0 -800 s/mm 2 ) in 32 directions. Fifty sections were acquired with a scan voxel size of 1.41 ϫ 1.44 ϫ 2.0 mm (reconstruction ϭ 1.41 ϫ 1.41 ϫ 2.0 mm). Correction for eddy currents and rigid motion was performed by using the registration software of the Philips workstation. Following registration, DICOM images were converted to a format compatible with the FT program.
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WM Score
MR images were assessed by 2 neonatologists with Ͼ10 years' expertise in reading MR imaging 27, 28 and blinded to the neurodevelopmental outcome. In case of disagreement, a third reader was consulted to achieve consensus. WM signal intensity, size of the subarachnoid space, presence of cysts, size of the ventricles, and shape of the CC were scored as 1, normal; 2, mildly abnormal; or 3, moderately/severely abnormal (adjusted from Woodward et al 2 ). The WM score was the sum of these subscores (range, 5-15) and was applied as an indicator for WMI (normal, 5-6; mildly abnormal, 7-9; moderately abnormal, 10 -12; severely abnormal, [13] [14] [15] . In addition to Woodward et al, 2 we implemented an additional criterion to score the size of the CC. The thickness was measured on the sagittal T1-weighted MR image by 1 independent researcher at 0.5 cm from the natural incurvation near the level of the genu and the splenium and perpendicular to the contour and middle of the CC. The CC was scored as follows: 1, normal if both measurements were Ͼ2.4 mm; 2, mildly abnormal (focal thinning of the CC) if at least 1 measurement was between 1.8 and 2.3 mm and both measurements were Ͼ1.7 mm; and 3, moderately abnormal (general thinning) if both measurements were Յ1.7 mm. The cutoff values are based on an evaluation by 3 of our researchers to make the scoring more objective.
For an additional analysis, we have divided our study group into 3 groups: normal CC, focal thinning of the CC, and generalized thinning of the CC.
FT
The quality of the DTI was assessed, and infants with FA-based color maps displaying large artifacts (eg, wrong colors on color maps by motion artifacts, On-Line Fig 1A) or sense artifacts (On-Line Fig 1B) were excluded from further analysis. FT was conducted in DTI tool (http://bmia.bmt.tue.nl/software/ dtitool/), 26, 18 based on deterministic tracking, by using "case linear
12 and maximum angle ␣ Ͼ 10°as stopping criteria. CI is less prone to continue tracing in planar anisotropy areas than FA.
18
FT was performed with seeding in every voxel in the brain. Separate fiber structures ( Fig 1A) were visualized by using filtering ROIs drawn manually on axial sections of the FA color map. 18 The PLIC bundle ( Fig 1D) was defined by those fibers passing through 2 filtering ROIs in the PLIC area, with the first ROI positioned at the anatomic level of the foramen of Monro and the second, on the adjacent section above this landmark. The ROIs were drawn roughly surrounding the bundle, but we took care that the fibers from the anterior limb of the internal capsule were not included ( Fig 1B) . By using 2 roughly drawn ROIs instead of 1 ROI, only fibers in the foot-head direction were selected. The ROIs for the PLIC selection were drawn on adjacent sections because we wanted to "segment" at least all information in the PLIC in all children. This procedure was followed for left and right hemispheres separately. To generate the CC bundle (Fig 1E) , we used 2 ROIs in sagittal sections around the midplane of the CC as filtering ROIs (Fig 1C) . For the CC, the sections on which the ROIs were positioned were 3 sections (4.2 mm) apart. Experimentally, it was determined that Ͻ3 sections apart gave too many erroneously traced fibers. We have investigated, in previous studies, whether this protocol ensures the reproducibility of the fiber bundles obtained using this method. 29, 30 Next, the quality of the generated fiber bundle was assessed by 2 authors separately (FT experience, Ͼ7 and Ͼ3 years): If the volume of artifactual fibers was visually estimated to be disturbing the quantification (ie, volume of more than approximately 10% of the total bundle volume), the bundle was excluded from further analysis (On-Line Fig 1C) . The visual estimation was performed by rotating the volume of fibers in 3D and estimating the extent of the artifacts. If no consensus was obtained, a third reader was consulted.
Quantification of the generated fiber bundles was done by taking DTI but also volumetric information from the voxels that are included in the CC and PLIC fiber bundles, as segmented by our FT method. In the next section, we will denote the quantification of these parameters by "FT-segmented parameters" because it includes not only DTI values but also bundle volume and length as segmented by using FT.
The bundle volume (cubic millimeters) was defined as the volume of all pixels through which Ն1 fiber passed. The average bundle length (millimeter) was the average length of all fibers included in the bundle. The mean diffusivity [MD ϭ (1ϩ 2 ϩ 3)/3] (m 2 /s), axial diffusivity (1), and radial diffusivity [(2ϩ 3)/2], FA, and CI of all voxels through which Ն1 fiber passed were calculated.
Statistical Analysis
SPSS (Version 13.0; SPSS, Chicago, Illinois) was used for statistical analysis. To assess the relation between FT-segmented parameters and the WM score, a multivariate general linear model was used with factor (sex) and covariates (GA, PMA, HC, WM score, and BW) to determine which covariate contributed significantly to the model (model equation: DTI parameter ϭ a1 * GA ϩ a2 * PMA ϩ a3 * HC ϩ a4 * WMI ϩ a5 * BW ϩ f1 * Sex). The relation between FT parameter and the WM score was further evaluated by using linear regression. Differences in FT-segmented parameters among WMI groups and among WM aspects (eg, thinning of CC) were assessed by using an independent-samples t test. Furthermore, differences in FT-segmented parameters between the left and right PLIC bundles were tested by using a paired-samples t test. A P value Ͻ.05 was considered statistically significant.
Results
Study Group
Of the 120 patients who entered this study, 31 were excluded because of large artifacts on imaging. Of the included 89 patients (48 boys, 41 girls), the mean GA was 28.5 Ϯ 1.7 weeks; mean BW, 1121 Ϯ 338 g; mean PMA at time of scanning, 41.7 Ϯ 1.1 weeks (range, 39.6 -44.7 weeks); and mean weight at scanning of 3262 Ϯ 604 g. In consensus, further exclusion of PLIC bundle tracts of 4 infants (leaving 85) and CC bundles of 17 infants (leaving 72) was deemed necessary because of artifactual FT of Ͼ10% of the volume of the fiber bundle.
WM Score
The scoring results of the 5 aspects of WM are shown in Table  1 . Eleven infants had no WM abnormalities, and most infants (74%) had a mildly abnormal WM scores. Severe abnormalities, indicated by a WM score Ͼ12, were not observed in this population. In 20% of the infants, a normal WM signal intensity was observed. Most patients had a mildly abnormal signal intensity in the WM (69%), and the abnormality was always diffuse and bilateral. Other common findings were a mildly enlarged subarachnoid space, always bilateral, and mildly enlarged ventricles. Having moderate-to-severe enlargement of both structures was rare. For the CC, the most common finding was focal thinning (58%). One neonate showed a single small subcortical cyst frontally, and 1 child had a cyst due to a hemorrhage in the temporal lobe. During the neonatal period, 7 infants were diagnosed as having a moderate or severe intra- 
FT and Patient-Specific Factors
Using a general linear model, the dependency of the FT-segmented parameters on patient-specific factors and covariates was evaluated (On-line Table) . The P value indicates whether the FT parameter depends significantly on the factor/covariate, taking into account the relation to the other factors/covariates. All evaluated FT-segmented parameters in the CC bundle correlated significantly with the total WM score. The GA at birth was a significant contributor to the model for the CCbundle volume and length. The PMA at time of scanning had a significant influence on the radial diffusivity and consequently also on FA and CI. The HC was an important covariate for bundle volume, length, and CI, however, not for the other FT-segmented parameters. Sex and BW (not shown) were only important for CC-bundle volume and CC-bundle length.
For the left PLIC bundle, the relation to WM score was only observed for MD and axial and radial diffusivity. Diffusivity also depended on the GA at birth and the PMA. FA and CI depended mainly on the PMA, due to the contribution of radial diffusivity.
For the right PLIC bundle, only GA, PMA, and WM scores were important for the models of the FT-segmented parameters. However, the influence was much less compared with the left PLIC bundle. In Fig 2, FT-segmented parameters are shown as a function of the WM score. The CC-bundle volume and length were larger for infants with normal or mildly abnormal WM (low WM score) than for infants with moderately abnormal WM. Furthermore, CI decreased and MD increased with increasing WM score. For the PLIC bundles, only the diffusivity showed a significant correlation with the WM score, and the increase of the MD with increasing WM score was smaller for the PLIC bundles than for the CC bundle.
FT and WM Score
If we looked in more detail at the diffusivity, the axial diffusivity showed a significant correlation with WM for all evaluated bundles; however, the radial diffusivity only displayed a correlation for the CC and left PLIC bundle but not for the right PLIC bundle.
A larger variation in the "size characteristics" volume and length was observed for all bundles, compared with the voxelaveraged characteristics like FA, CI, and MD. In addition, the variation was larger for the CC than for the PLIC bundles.
FT-Segmented Parameters and Aspect of the WM Score
Differences in FT-segmented parameters were analyzed between infants with a normal shape of the CC (score 1), focal thinning (score 2), or generalized thinning of the CC (score 3) (results are shown in Fig 3) . Compared with the group with a normal CC, significantly reduced values for CC-bundle volume were observed in the group with focal and generalized thinning of the CC (P ϭ .022 and P ϭ .001, respectively). In addition, CI was decreased (P Ͻ .001) and MD increased (P ϭ .005) in the CC bundle in the group with a generalized thinned CC. A trend toward decreased length was observed with increasing CC score, though it was not significant (P ϭ .054). The differences in the MD in the CC bundle between the group with a normal shape and focal thinning of the CC (P ϭ .032) were mainly due to a significant increase in radial diffusivity (P ϭ .027) and not in axial diffusivity, whereas a significant increase in both axial (P ϭ .028) and radial diffusivity (P ϭ .027) was observed in the group with a generalized thinning of the CC.
In 85 infants, both the left and right PLIC bundles were eligible for analysis. A significantly higher FA and CI (P ϭ .002 and P ϭ 0.003, respectively) and larger average length (length ϭ 34.2 mm) were observed in the left PLIC bundle compared with the right PLIC bundle (length ϭ 33.2 mm, P ϭ .018).
Discussion
FT was performed to quantify CC bundles and PLIC bundles in preterm infants at TEA, to detect WMI. The CC bundle is of interest because thinning of the CC is commonly seen in preterm infants and is associated with a worse outcome. 6, 9 Not only were the CC-bundle volume and length smaller for infants with WMI but also lower anisotropy (FA and CI) was observed in combination with an increased MD, suggesting less hindered diffusion. The decrease in anisotropy was mainly driven by an increased radial diffusivity in the group with focal CC thinning, whereas both axial and radial diffusivities were increased for the group with diffuse thinning of the entire CC. Our findings were in agreement with ROI-based DTI studies showing decreased FA and increased ADC 31 and radial diffusivity 32 in the CC in infants with WMI. It was suggested that changes in radial diffusion reflect myelin and premyelin effects, whereas changes in axial diffusivity are likely related to changes in axon integrity. 22, 33 Therefore, we hypothesized that changes in the group with focal thinning of the CC were mainly due to a slowdown in myelin or premyelin maturation, whereas the group with generalized thinning displayed larger injury, potentially including axonal injury.
This correlation of FT-segmented parameters in the CC bundle with WMI was not observed by de Bruïne et al 23 ; how- Red triangles indicate the CC; blue squares, the PLIC L; and green open circles, the PLIC R. In total, 72 CC fiber bundles were evaluated, with n ϭ 19 in group 1, n ϭ 40 in group 2, and n ϭ 11 in group 3 for the CC. Displayed is the mean, and the error bar displays the standard average of the mean. Asterisk denotes a significant difference (P Ͻ .05).
ever, they evaluated the splenium and genu of the CC separately and not as an average of the CC bundles as we did. We realize that both for CC and PLIC, the observed effect sizes in the general linear model are small, and also the slopes (Table 2) in some cases are close to zero. From the scatterplots, it is clear that this method is not yet suitable for predicting a single patient's WMI score from that same patient's anisotropy value. However, in our opinion, the information obtained from our study can be used to gain understanding in the microstructural changes resulting from premature birth.
For the left PLIC bundle, both axial and radial diffusivity increased significantly with WMI. This is in contrast to findings by Adams et al, 22 showing lower FA in the corticospinal tract due to changes in radial and not in axial diffusivity. The difference might be explained by the fact that part of the corticospinal tract is included in the much larger PLIC bundle in our study.
If we compared the left and right PLIC bundles, the longer bundle length and higher anisotropy in the left PLIC bundle could reflect a better maturation compared with the right PLIC. Higher FA values in the left PLIC bundle have been observed in older children 21 ; in neonates, larger WM volumes in the left hemisphere have been found. 34 Radial diffusivity decreased and anisotropy (FA, CI) increased with increasing PMA for both structures, in agreement with findings in the literature. 11, 22, 35, 36 Furthermore, CC-bundle volume and length and right PLIC volume and length were lower and MD in the left PLIC bundle was higher for infants born at an earlier GA. Because there was no relation between GA at birth and PMA at scanning time, this finding may suggest an effect of GA on brain maturation. Maturational changes are better followed with DTI, and FT-segmented DTI parameters have been shown in young infants to give information on normal functional development and might be useful in detecting pathologic cognitive development in early infancy. 20 , 21 Dubois et al 20, 21 reported that DTI metrics can be used to distinguish ''premyelination" stages (ie, the isotropic proliferation of cells, prolongations, and development of intracellular compartments and membranes) and ''true" myelination. Similar findings to ours were observed in adolescents born prematurely, 8 with WM volume more decreased with lower GA, though a relation to GA was not observed in recent studies in preterm infants. 22, 23 The main limitation of our study is the large number of artifacts in the DTI acquisition. DTI is more prone to artifacts than conventional MR images. In this study, 26% of the patients had to be excluded due to motion and/or sense artifacts. The DTI sequence was at the end of the MR imaging protocol, and though the infants were sedated and hearing protection was applied, infants waking up during the DTI scan could not be prevented. Severe motion artifacts in the DTI images resulted in errors in FT, in particular when using a deterministic technique as applied in this study. To minimize the influence of errors in the quantification of the tracts, we excluded all bundles for which we agreed in consensus that the artifactual fibers contributed Ͼ10% to the volume of the fibers.
We realize that there is a user bias in the visual interpretation of whether the erroneous traced fibers are Ͼ10% of the total bundle volume. However, 2 users observed that by rotating the fiber structure in 3D, the visual estimation of the size of the artifacts compared with the size of the fiber bundle was possible. In case of disagreement, a third observer was consulted.
The distribution of WMI in the artifacts group was similar to that in the finally included group; therefore, no bias was introduced by excluding the patients with artifacts in the DTI data. The artifacts are not due to the WMI.
Our study shows the strength but also the weaknesses of using the complete bundle for evaluation, instead of ROIbased DTI 31, 32, 36 or a part of the bundle. 22, 23 The strength is that a complete structure is evaluated and not only a local effect, making the method less sensitive to ROI-positioning errors. On the other hand, small effects may be missed because they are lost in the variances in the large bundle.
Another limitation of our study is that manually drawn ROIs were used for bundle selection, though our FT was seeded in all voxels in the brain. Our method was different from a "single ROI" method because by using 2 roughly drawn ROIs instead of 1 ROI, only fibers in the foot-head direction were selected and the method was less influenced by the exact drawing of the ROIs. The PLIC ROIs were chosen in adjacent sections because we wanted to "segment" at least all information in the PLIC in all children because WMI frequently occurs in the WM areas adjacent to the ventricles. Therefore, we did not draw the second ROI on a level Ͼ4 sections higher; otherwise we would not be able to trace any fibers. The reproducibility of our method was analyzed, and with the protocolized ROI definition, generated bundles were visually similar and also quantitatively comparable. However, problems with FT still occurred in areas of crossing fibers because deterministic tracking does not trace well in these areas 14 ; this problem is inherent to the use of only the diffusion tensor and not high angular information.
Furthermore, the DTI model could not represent adequately Ͼ1 fiber population within a voxel. This problem could be improved by using other models in which this is possible, like Q-Ball or spheric deconvolution models; however, these models require high-angular acquisitions with more directions than what we can provide now for neonates due to the time constrains in scanning.
Therefore tracking was stopped in areas of crossing fibers, where CI is below the stopping value. We realize that the choice of stopping criteria influences bundle volume and length; however, within our study, differences in bundle FTsegmented parameters between groups can be compared because the same stopping criteria were used.
Compared with conventional MR imaging, quantitative FT gives microstructural information, which might give insight into understanding the pathology with subsequent poor outcome.
Conclusions
We have shown that in the FT-selected CC bundle, the anisotropy (FA, CI) was decreased and diffusivity was increased in infants with high WMI scores. Particularly, increased radial diffusivity was observed in infants with focal CC thinning, and both axial and radial diffusivities were increased in infants with generalized thinning of the CC, suggesting a difference in underlying WM pathology. A relation of the PLIC with WMI was also shown, but it was less pronounced, suggesting that the CC is more prone to WMI in the maturing brain than the PLIC. The volume of the CC and right PLIC bundles as determined with FT was affected by the degree of preterm birth (GA relation), suggesting an influence on brain maturation. FT additionally gives information on changes in bundle length and volume, which also decreased in infants with WMI.
